By using the AdS/CFT correspondence, we investigate various form factors between nucleons and mesons in a nuclear medium. In order to describe a nuclear medium holographically, we take into account the thermal charged AdS geometry with an appropriate IR cutoff. After introducing an anomalous dimension as a free parameter, we investigate how the nucleon's mass is affected by the change of the anomalous dimension. Moreover, we study how the form factors of nucleons rely on the properties of the nuclear medium. We show that in a nuclear medium with different numbers of proton and neutron, the degenerated nucleon form factor in the vacuum is split to four different values depending on the isospin charges of nucleon and meson. *
Introduction
After the proposition of the AdS/CFT correspondence, it has been widely utilized to investigate various strongly interacting systems of quantum chromodynamics (QCD), nuclear physics, and condensed matter theory [1, 2, 3, 4] . In the strong coupling regime, because the traditional perturbation method does not work anymore, the AdS/CFT correspondence can shed light on understanding a variety of physical features of strongly interacting systems [5, 6, 7] . One of such systems we want to know is a nuclear medium in which the fundamental excitations are not quarks but their bound states called nucleon and meson [8, 9, 10, 11] . In this work, we consider the holographic hard wall model on the thermal charged AdS geometry, which imitates a nuclear medium, and investigate nucleon's masses and their form factors.
In general, it is not an easy task to understand theoretically low energy physics of QCD and condensed matter physics because they are in a strong coupling regime. In a medium, moreover, the numerical method known as the lattice QCD suffers from a sign problem. In this situation, the AdS/CFT correspondence may be a useful tool to account for many interesting physical phenomena of strongly interacting systems. In the original hard wall model [8] , the thermal AdS space with an IR cutoff was matched to the vacuum of the confining phase, while the AdS black hole was mapped to the deconfining phase representing the quark-gluon plasma. Various hadronic spectra and the deconfinement phase transition have been studied on this background [12, 13, 14, 15] .
In order to take further into account a nuclear medium, we must add more bulk fields which classify the properties of a nuclear medium. According to the AdS/CFT correspondence, the bulk vector field is matched to the fermionic density operator on the dual field theory side. Thus, we can mimic a nuclear medium holographically by adding additional bulk vector fields [16] . The resulting dual gravity theory allows a new geometric solution called the thermal charged AdS (tcAdS), which is dual to the confining phase of a nuclear medium governed by hadronic spectra [17, 18, 19] . On this background corresponding a nuclear medium, various meson's and nucleon's spectra have been studied [20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32] . These quantities are crucially associated with the twopoint correlation function of nucleon and meson [33] . In order to understand further a nuclear medium, it is important to know the interaction between nucleons and mesons. Those information are usually encoded into the form factor related to the three-point correlation function [34, 35, 36, 37, 38, 39, 40] .
In this work, we will investigate the nucleon form factors in a nuclear medium and study how the nucleon's anomalous dimension affects the nucleon's mass and form factors.
Holographic description for a nuclear medium
In general, a nuclear medium is a very complicated system including a variety of baryons and mesons together with their strong interaction. Unfortunately, there is no well-established perturbation method to understand such a strongly interacting system in traditional QFT. In this situation, the AdS/CFT correspondence may provide a new paradigm to figure out various qualitative features of strongly interacting systems in the nuclear and condensed matter theory. Even though it is not easy to construct an exact dual gravity of QCD, a variety of holographic models mimicking QCD would be useful to improve our knowledge about strongly interacting systems. In this work, we will investigate nucleon's spectra and their form factors in a nuclear medium by using the holographic hard wall model. Let us start with summarizing briefly how we can describe a nuclear medium holographically.
Proton and neutron are basic elements to represent a U (2) flavor group of a nuclear medium. Since a global symmetry of the QFT maps to a local symmetry of a dual gravity according to the AdS/CFT correspondence, the dual geometry we should consider must involve a U (2) local gauge symmetry.
From now on, we take into account two copies of the flavor group, U (2) L × U (2) R , in order to clarify the parity of hadrons. Then, the eigenvalues of their Cartan subgroups provide good quantum numbers representing the quark number and isospin charge of u-and d-quark. The corresponding gravity action is given by [17, 18, 19] 
where Λ = −6/R 2 is a cosmological constant and a massive complex scalar field with m 2 = −3/R 2 is introduced for encoding the effect of the chiral condensate. Above the gauge field strengths and the covariant derivative are defined as
For describing a nuclear medium, it is sufficient to regard only the Cartan subgroups,
R , because their quantum numbers classify the nuclear medium manifestly. In the holographic model, the time component of the gauge field corresponds to the density of dual particles, while the spatial component is matched to the current. Hereafter, we assume that the nuclear medium is at rest. Then, only time components of the gauge field can classify the nuclear medium we consider.
Rewriting them as symmetric and antisymmetric combinations, the symmetric and antisymmetric ones represent the parity even and odd states, respectively. Since proton or neutron are identified with the lowest parity even state relying on their isospin charge, the nuclear medium composed of protons and neutrons is accomplished by taking the symmetric combination with L M = R M = −V M in the holographic model [23] . In the confining phase the fundamental excitation is not quark but nucleon, so we need to reinterpret the above quark's quantities in terms of nucleon's ones. Using the conservation of the quark number, the resulting geometry satisfying Einstein equation is given by [22, 23] 
with
where Q = Q P + Q N and D = αQ = Q P − Q N denote the total nucleon number density and the density difference between proton and neutron. Here, Q p and Q N indicate the number density of proton and neutron respectively. This geometric solution has been known as the tcAdS geometry [17, 18] . On this tcAdS background, the deconfinement phase transition and the symmetry energy have been studied [22] . Turning on off-diagonal fluctuations of the gauge fields, they describe SU (2) mesons and their spectra have been investigated in [23] .
When the mass of the above complex scalar field is given by −3/R 2 , it becomes the dual of the chiral condensate. More precisely, parameterizing the complex scalar field as
where 1 indicates a two-by-two identity matrix, the modulus, φ, is dual to the chiral condensate, while the fluctuation, π, corresponds to pion. On the above tcAdS geometry, the modulus has the following solution [23] 
where m q and σ are identified with the current quark mass and chiral condensate, respectively. Here, N c denotes the rank of the gauge group. In general, the gravitational backreaction of the scalar field changes the background geometry. As shown in [41] , it corresponds to 1/N c correction and changes the tcAdS geometry very slightly. In this note, we ignore this 1/N c correction as done in the usual hard wall model.
In order to represent various mesons, we should take into accout various bulk field fluctuations,
In the axial gauge with l a z = r a z = 0 and l a t = r a t = 0, the left and right gauge fluctuations are further decomposed into vector and axial-vector fluctuations like [22, 23, 27] 
where m indicates one of the spatial directions. In order to identify them with the vector mesons, we need to redefine the vector fluctuations as the form showing their flavor charge explicitly
Then, ρ i m indicates ρ-meson with the i flavor charge. Similarly, axial-vector and pion are also rewritten as the form representing the SU(2) charge manifestly
Above the axial-vector field usually couples to the pseudoscalar field. Using the following gauge
together with imposing 0 = ∂ māa m , they are decoupled and the longitudinal mode of the axial-vector represents another pseudoscalar field, χ. Their spectra and form factors in the nuclear medium have already been studied in [26, 33] .
For later use, we summarize the equations of motion for mesons [26, 33] . After the Fourier mode expansion, the mode function of ρ-meson should satisfy
where the superscript, (i), of the mode function, f
ρ , indicates the isospinc charge of ρ-meson. Similarly, the mode function of a 1 axial-vector meson satisfies
In the axial gauge mentioned before, pion's mode function is governed by the following equations
where ω 
On the other hand, π and χ representing pion have different normalizations due to their different origins on the dual gravity side. Concerning their gravity origin, π and χ have the following normalization
When we evaluate form factors of nucleons in the next section, we will utilize these normalizations.
Nucleons in the nuclear medium
In order to imitate nucleons holographically, one should take into account Dirac fermions on the tcAdS space, which are governed by [24, 25, 27 ]
Here, Ψ 1 and Ψ 2 transform as 1 2 , 0 and 0, 1 2 under the flavor group U (2) L × U (2) R and the Yukawa term breaks the chiral symmetry. In the AdS/CFT context, the conformal dimension of nucleon is related to the mass of the bulk fermion [24, 42, 43, 44] 
If there is no anomalous dimension, the nucleon's conformal dimension is given by 9/2 at a conformal fixed point. In this case, the mass of the bulk fermion should be ±5/2. However, the existence of an anomalous dimension significantly modifies the nucleon's conformal dimension. Although it would be interesting to clarify what the anomalous dimension is, it goes beyond the scope of this work.
We leave this issue as a future work. In this work, we treat the nucleon's conformal dimension as a free parameter due to the undetermined anomalous dimension. In order to realize the chirality, furthermore, we focus on the case with
Following the conventions in [27] , the Dirac equation is reduced to
Under the following Fourier mode expansion
the fermionic mode function can be classified as
where ψ L and ψ R mean 4-dimensional Weyl spinors satisfying ψ L = γ 5 ψ L and ψ R = −γ 5 ψ R . Above (n, ±, ±) denotes the n-th resonance, parity, and isospin charge respectively. In this case, the combination satisfying the following condition [15, 24, 25, 27 ]
describes a parity even state, while a parity odd state is represented as
Since proton and neutron we are interest in appear in the lowest parity even state, from now on we concentrate on the case with (1, +, ±) where the last sign indicates the isospin charge of proton and neutron.
To solve the Dirac equations, firstly we need to determine mode functions as eigenfunctions of σ · p.
The matrix σ · p generally allows two eigenvalues, ±p, with p = | p|. In this case, the mode function can be identified with one of two eigenfunctions up to normalization. For later consistency, let us focus on the case in which f 1 L and f 1 R are eingenfuntions with the eigenvalue p while the eigenvalues of f 2 L and f 2 R are given by −p. Then, the bulk Dirac equation for the parity even state reduces to
Depending on the isospin charge, this equation further splits into two cases. Proton with the positive isospin charge is governed by
while (23) for neutron with the negative isospin charge becomes
Taking V 0 t = 0, V 3 t = const and f (z) = 1, the above equations reduce to those for nucleons in the isospin medium [25] . In the nuclear medium, unlike the isospin medium, the energy and mass of nucleons crucially depends on the nuclear medium due to the nontrivial radial coordinate dependence of the metric and background gauge fields. For ∆ = 9/2, nucleon's spectra and their dispersion relations have been studied in [27] where the Yukawa coupling was taken by g Y = 4.699 in order to fix nucleon's mass to be 940MeV in the vacuum with Q = 0 and p = 0. Similarly, when we consider the anomalous dimension we should take a different Yukawa coupling to obtain the known nucleon's mass in the vacuum. In Table 1 , we show several corresponding Yukawa couplings. In Fig. 1 , we plot the nucleon mass relying on the conformal dimension of the nucleon. The result shows that the nucleon mass increases as its conformal dimension decreases. Table 1 : Yukawa couplings depending on the anomalous dimension which fix the nucleon's mass to be 940MeV in the vacuum.
Nucleon form factors in the nuclear medium
Now, let's investigate nucleon form factors in the nuclear medium. In general, since nucleon and meson have infinitely many resonances, infinitely many nucleon form factors are possible. In this work, we concentrate only on the lowest resonances because they are dominant in the low energy limit. Proton and neutron we are interested in are the lowest nucleons. From the previous fermionic action in (16) , the interaction terms at cubic order are given by
where l M and r M are fluctuations of the left and right flavor group. Rewriting it in terms of the vector and axial-vector fluctuations gives rise to
where v m = v i m σ i ,ā m =ā i m σ i , χ = χ i σ i , and π = π i σ i with the SU(2) flavor group generator, σ i . The first line expresses the interactions of nucleons with vector and axial-vector mesons, while the last line shows the interaction with pseudoscalar mesons. Since the lowest nucleons are in the parity even state as mentioned before, the bulk Dirac fermion in (20) can be recombined into the Dirac fermion of the dual field theory
Depending on its SU(2) charge, it becomes either proton, P = ψ (1,+,+) , or neutron,
where the SU(2) charge, ±, implies ±1/2. For convenience, we rewrite the mode functions only in terms of the SU(2) charge like f 
Then, the interaction between nucleon and ρ-meson is represented as where the form factor is defined as
Note that due the conservation law of the SU(2) flavor charge, sum of arguments in the nucleon form factor must vanish. For the a 1 -meson, similarly, the form factor is given by
and the interaction with nucleons is governed by
Finally, the interactions with pseudoscalar mesons are described by
where the form factor between nucleons and pion is determined by Figure 2 : Degenerated form factors depending on ∆ and Q with α = 0. In the figure (a) and (c), the nucleon form factors, g ρ and g χ , increase as Q increases. In the figure (b), one can see that there are two different behaviors : For ∆ = 9/2, 7/2, the form factors g π increases slightly and decreases with increasing Q. On the other hand, the form factor with ∆ = 5/2 increases as Q increases even in the high density regime.
When the isospin interaction is turned off, we depict the form factors between nucleons and mesons in Fig. 2 . Because of the absence of the isospin interaction, the form factors of charged and neutral particles become degenerate. In Fig. 2 , the result shows that the effect of the anomalous dimension denoted by 9/2 − ∆ usually reduces the strength of the form factor except g π in the high density region. The numerical result also shows that the form factor between nucleon and ρ-meson increases as the density of the nuclear medium increases. On the other hand, the nucleon's form factor with pseudoscalar meson shows two different behaviors for a small anomalous dimension. When the density of the nuclear medium increases, the nucleon's form factor with π i decreases, while that with χ i oppositely increases. This feature is crucially modified for a large anomalous dimension with a small conformal dimension. In the case with ∆ = 5/2, the form factor with π i also increases as the density of the nuclear medium increases. This fact indicates that the anomalous dimension can affect a significant effect on the behavior of the form factor with the pseudoscalar meson. Therefore, it would be interesting to evaluate the anomalous dimension of nucleon correctly by studying the holographic renormalization group flow. We leave this issue as a future work.
If we further consider the isospin interaction, the degeneracy of the form factors mentioned before splits because the isospin interaction distinguishes the isospin charge of nucleons and mesons. In Fig. 3 , we consider the case with α = −1/2 which implies that the nuclear medium we considered is composed of 75% neutrons and 25% protons. The results in Fig. 3 show that the degenerated form factor for α = 0 splits four different cases relying on the isospin charges of nucleons and mesons. If the charges of nucleons are given, the charge of the remaining meson is automatically determined due to the charge conservation. This is the reason why we obtain four non-degenerate form factors when turning on the isospin interaction. More precisely, let us take into account the form factors having the same field contents, P γ 5 π + N and N γ 5 π − P , which are the complex conjugates to each other.
Even in this case, the result in Fig. 3 shows that the corresponding form factors,
and g π (−1/2, +1, −1/2), have different values. This is because the background nuclear medium we considered has different number densities of proton and neutron. This asymmetry of the nucleon's number density in the nuclear medium causes the split of the form factor and we finally obtain four different form factors as mentioned before. In general, our numerical results show that the nucleon form factor in the nuclear medium crucially relies on the properties of the nuclear medium as expected.
So it would be interesting and important to compare our holographic result with data obtained from the future particle experiments.
Discussion
By using the holographic technique, we investigated the nucleon's form factors relying on the density of the background nuclear medium. In order to imitate the nuclear medium holographically, we considered the thermal charged AdS space. Its dual field theory represents a nuclear medium classified by the quark number density and isospin charge. On this background geometry, we turned on the bosonic and fermionic fluctuations corresponds to mesons and nucleons, respectively. By solving linearized equations of motion for fluctuations, we found the mass spectrum of mesons and nucleons.
And then, we derived their form factors by rewriting the bulk Yukawa coupling in terms of boundary fields corresponding to nucleons and mesons.
For α = 0 where the numbers of proton and neutron are the same, we showed that the form factor is degenerate because the effect of the isospin interaction vanishes. For α = 0, on the other hand, the asymmetry of the nucleon density leads to the nontrivial isospin interaction and splits the degenerated form factor into four different cases relying on the isospin charges of nucleons and mesons. In all cases, the nucleon form factors describing the interaction with ρ-meson and the χ field increase as the density of nuclear medium increases. On the other hand, the nucleon form factor caused by the interaction with the π field increases slightly and then rapidly decreases.
In this work, we introduced the anomalous dimension as a free parameter. Our numerical result
showed that the anomalous dimension reduces the strength of the form factor in the low density region.
Anyway, it should be noted that the anomalous dimension must be appropriately explained by the renormalization group procedure. In the holographic setup, it can be accomplished by studying the holographic renormalization and its RG flow after regarding the gravitational backreaction of the bulk fluctuations. This is important to understand the baryonic physics, their spectra and interactions, in the nuclear medium. In addition, it would be important to know the structure of a neutron star. We leave this issue as a future work and hope to report more results in future works.
